In this study, several regression models were employed to estimate global solar radiation from commonly available meteorological data such as sunshine duration, temperature, precipitation, and cloud cover for 34 meteorological stations of Bangladesh. The models studied were calibrated using five meteorological stations that are providing global solar radiation as well as other meteorological data. Estimated values were also compared with measured values in terms of statistical evaluation indicators like the coefficient of determination (R 2 ), mean percentage error, mean bias error, root mean square error (RMSE), mean absolute relative error, and t statistic. The statistical analysis showed that the models assessed were well suited to accurately estimate the solar potential. Sunshine duration-based models performed best, and cloud cover-based models performed worst. Among 45 developed models to predict solar radiation, the models with RMSE value lower than 0.2 are recommended for use.
Background
Among fossil fuels, Bangladesh has only natural gas that is used in power generation in the country (Ahiduzzaman and Islam 2011). According to Bangladesh Power Development Board (BPDB) (2015) , Bangladesh has a total installed capacity of 11,532 MW and among which 62.76 % of the total generation comes from natural gas. Figure 1 shows the total installed power capacity by fuel type for Bangladesh. A large amount of imported furnace oil is burnt to produce 20.45 % of total power which emits a huge amount of CO 2 and other toxic gases. The estimated reserve of natural gas which is around 13.75 Tcf would meet the country's demand till 2015. After that there will be a shortage of gas supply which would rise to 4421 MMcfd by 2025. Therefore, an additional 8.35 Tcf supply of gas is to be met by some other means (Ahiduzzaman and Islam 2011) . Geographically, Bangladesh is a low-lying delta and has insignificant amount of hills and high water reservoirs. There is only a single hilly area situated in the southern part of the country, and the only hydro power plant is situated there ( Bangladesh Power Development Board (BPDB) 2015). This plant gives only 230 MW which is only 1.99 % of the total capacity, and there is no other suitable location for anymore large hydro power plants. Fortunately, Bangladesh receives moderate amount of daily sunshine of 4.5-4.8 kW h/m 2 which can be proved very significant for a sustainable power sector (Mondal and Islam 2011) .
Knowledge of the amount of global solar radiation is essential to utilize solar power. Without prior knowledge of solar radiation, it is impossible to design solar energy systems and models. Local global solar radiation data are also required in many applications, including evapotranspiration estimates, irrigation, and architectural design. In spite of the great importance of solar radiation measurements, due to the high cost, maintenance, and calibration requirements, it is not readily available to the designers of solar energy systems (Almorox and Hontoria 2004) . In fact, there is no solar radiation measurement instruments installed in any stations of Bangladesh Meteorological Department. Rather there is Campbell-Stokes sunshine recorder installed in 35 stations of Bangladesh Meteorological Department (BMD) 2015). So there is a need to develop methods for estimating solar radiation from sunshine duration data or from other meteorological parameters like cloud cover, temperature, precipitation, or humidity.
In past, many researchers have studied various meteorological parameters like sunshine hours (Angstrom 1924) , air temperature (Hargreaves and Samani 1982) , precipitation (DeJong and Stewart 1993) , relative humidity (Elagib et al. 1998) , and cloudiness (Black 1956 ) to establish a relationship with solar radiation. Angstrom (1924) gave the first model to estimate solar radiation from sunshine duration data. It was a linear model and used the ratio of average daily global radiation to the corresponding value on a completely clear day. As it was difficult to define a clear day, the model was later modified by Prescott (1940) which replaces clear day radiation with extraterrestrial radiation. This is the well-known Angstom-Prescott (A-P) model widely used by researchers to find solar radiation from sunshine duration (Li et al. 2011; Chelbi et al. 2015; Al-Mostafa et al. 2014a ). Bakirci (2015) has developed some new empirical models for predicting the monthly mean diffuse solar radiation on a horizontal surface for typical cities in Turkey. Chelbi et al. (2015) have done the solar radiation mapping using sunshine durationbased models and interpolation techniques for Tunisia. Simple correlation for estimating the global solar radiation on horizontal surfaces for India was done by Katiyar and Pandey (2010) . Liu et al. (2015) found the changes in the relationship between solar radiation and sunshine duration in large cities of China. Robaa (2008) has done the evaluation of sunshine duration from cloud data in Egypt. Yang et al. (2012) have done the hourly solar irradiance time series forecasting using cloud cover index. Nimnuan and Janjai (2012) have found another approach for estimating average daily global solar radiation from cloud cover in Thailand. New types of simple nonlinear models to compute solar global irradiance from cloud cover amount were found by Badescu and Dumitrescu (2014) . Ehnberg and Bollen (2005) have done a simulation of global solar radiation based on cloud observations. Reddy (1974) has developed an empirical method for estimating sunshine from total cloud amount. Morf (2014) has done sunshine and cloud cover predictions based on Markov processes. Babatunde and Aro (1995) have established a relationship between "clearness index" and "cloudiness index" at a tropical station, for instance, Ilorin, Nigeria. AlMostafa et al. (2014b) have done a review of sunshinebased global radiation models. Manzano et al. (2015) established a method to estimate the daily global solar radiation from monthly data. Abraha and Savage (2008) have done a comparison of estimates of daily solar radiation from air temperature range. Temperature-related models were also derived by several researchers such as Allen (1997), Liu et al. (2009), Meza and Varas (2000) , and Thornton and Running (1999) . Both temperatureand precipitation-based models were developed by Bindi and Miglietta (1991) , Liu and Scott (2001) , Thornton et al. (2000) , and Winslow et al. (2001) . Unfortunately, there are very few or limited studies on solar radiation estimation models for Bangladesh (Podder et al. 2014; Khan et al. 2014; Khadem et al. 2007; Rahman et al. 1999; Ghosh et al. 2006) . The objective of this study is to derive and validate several expression models for the prediction of monthly averaged daily global radiation on a horizontal surface from commonly available meteorological data and to find the most suitable and adequate model for Bangladesh.
Methodology

Sunshine duration-based models
Different regression models to estimate global solar radiation on the horizontal surface from sunshine duration is proposed in the literature (Almorox and Hontoria 2004; Angstrom 1924; Prescott 1940; Akinoglu and Ecevit 1990; Ertekin and Yaldiz 2000; Ampratwum and Dorvlo 1990; Sen 2007 ). The models we have examined in this work are given in Table 2 . We have used the general A-P model and also modified the model for seasonal variations. We did not take higher-degree models greater than third degree as those models fluctuates a lot and do not give proper fit.
In the models in Table 2 , H is the global solar radiation on horizontal surface (kW h/m 2 ), H 0 is the extraterrestrial radiation (kW h/m 2 ), S is the sunshine duration (h), S 0 is the day length (h), and a, b, c, and d are the empirical coefficients those we have to find.
Extraterrestrial solar radiation H 0 can be calculated according to Duffie and Beckman (2006): where G sc is the solar constant (1367 W/m 2 ), D is the day number of the year counting from first January, φ is the latitude of the place (°), ω s is the sunset hour angle (°), δ is the solar declination (°).
The value of δ and ω s can be calculated from Eqs. (2) and (3), respectively (Duffie and Beckman 2006) :
The day length S 0 can be calculated using the value of ω s as follows (Duffie and Beckman 2006): (1)
Now, the ratio H /H 0 can be found by substituting the values of measured global solar radiation (H) and extraterrestrial radiation H 0 . This ratio H /H 0 is known as clearness index which gives the percentage deflection by the sky of the incoming global radiation and changes in the atmospheric conditions in a given locality (Iqbal 1983) .
Sunshine duration and other meteorological parameter-based models
Solar radiation does not only depend on sunshine duration. It also depends on temperature deviation, precipitation, cloud cover, or extraterrestrial radiation. So, to derive better models for solar radiation estimation, in this study we have proposed few models combining the effects of sunshine duration and other meteorological parameters. Table 5 lists all these models and their coefficients with statistical evaluation. Black (1956) used data of 88 stations from all over the world to develop an empirical relationship between solar radiation and cloud cover. He used the mean monthly values for 88 stations and performed a regression analysis to find the following relationship between H /H 0 and C: Unfortunately, this relationship can produce substantial amount of error as according to Black himself (Black et al. 1954) : (1) Mean monthly values were calculated from the maximum numbers of years, and (2) different instruments have been used in different stations, and no attempts have been made to reduce these instruments to a common standard.
Cloud cover-based models
Therefore, we have done a regression analysis to establish some new models to estimate solar radiation (H) directly from cloud fraction (C) for Bangladesh. To do this, we have established a relationship between clearness index, H /H 0 , and cloud fraction, C. The value of H /H 0 can be determined similarly as shown in the previous section.
Temperature-based models
There is a clear relationship between solar radiation and temperature. Higher insolation increases the temperature, and low or no insolation decreases the temperature significantly. Therefore, some relationships can be established between solar radiation and temperature deviation to estimate global solar radiation. Bristow and Campbell (1984) expressed the relationship between clearness
index (H/H 0 ) and difference of maximum and minimum air temperatures (T max and T min , respectively) T as:
where a, b, c are empirical coefficients to be found. Hargreaves and Samani (1982) proposed another relationship between clearness index and temperature difference:
Later on, this relationship was modified by various researchers such as Chen et al. (2004) who gave the following relationship: Table 7 shows all the empirical models based on temperature to estimate solar radiation. Few new models have also been proposed here in this study.
Temperature-and extraterrestrial radiation-based models
Extraterrestrial radiation, H 0 , is the amount of solar radiation reaching the atmosphere from the sun. After coming through the atmosphere, it is absorbed by various particles like water vapor and air molecules or reflected from the earth surface. Extraterrestrial radiation is the theoretically possible maximum radiation that would reach the earth surface if the atmosphere was absent (Duffie and Beckman 2006) . The temperature difference, T, occurs because of the variation of insolation reaching the earth surface which is directly related with solar radiation, H. It can now be assumed that there is a clear and close relationship between solar radiation, extraterrestrial radiation, and temperature difference. Goodin et al. (1999) have proposed the following relationship: Table 7 shows few empirical models based on temperature and extraterrestrial radiation and their associated statistical evaluation.
Temperature-and precipitation-based models
Precipitation surely decreases the solar insolation level significantly. Temperature deviation also occurs because of precipitation. DeJong and Stewart (1993) have given the following relationship based on precipitation and temperature difference:
In this study, we have also proposed few more models based on precipitation and temperature as shown in Table 7 .
Data
In this work, the measured daily global solar radiation data are taken from Institute of Energy (previously known as Renewable Energy Research Center), University of Dhaka, and Bangladesh Meteorological Department (BMD). Measured time series data of global solar radiation was available for five sites, and sunshine duration, precipitation, cloud cover, and temperature data were available for 34 stations of BMD. Table 1 summarizes the detailed information of the stations and the period of observations of the relevant data. Figure 2 shows the distribution of the stations over the country.
Institute of Energy (RERC) measured global solar radiation from January 2003 to December 2005 using two Eppley PSP pyranometers at 1-min interval for 24 h. Sunshine duration data were recorded using Campbell-Stokes sunshine recorders by both BMD and Institute of Energy. We have used the monthly averaged daily solar radiation data and their corresponding other parameter data, such as sunshine duration, precipitation, and temperature to perform the regression analysis. Only five sites, where measured solar radiation data are available, are taken to find the parameters of the models. Data of all the other sites are used to test the models. DLR satellite time series data (German Aerospace Center 2015) of global solar radiation were also available for ten sites from Solar and Wind Energy Resource Assessment (SWERA) project database (Schillings et al. 2004 ). NASA's Surface meteorology and Solar Energy (SSE) (NASA 2015) data which are the 22-year average satellite data are also collected. As the DLR data and NASA SSE data are actually estimated data, they were not used to find model parameters, rather they are just used to show a comparison among the results.
Statistical evaluation tools
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Results and discussion
The empirical models for solar radiation estimation are given in Tables 2 and 7 . The regression equations developed and their associated statistical evaluation are given in Tables 3, 4 , 5, and 6 and in Tables 8, 9 , and 10. In Table 3 , sunshine duration-based annual models are shown whereas seasonal regression results for summer (February-September) and winter (October-January) are shown in Table 4 . Comparing all the results of these models, we can see that sunshine duration-based seasonal models give much better performance than annual models. Among annual models quadratic model (model # 2 of Table 3 ) gave the best fit, whereas among seasonal models the third-degree model (model # 9 of Table 4 ) was the best. In the both cases, the linear models also performed well and were pretty close to the best model. Logarithmic, exponential, and power models were also good, but their RMSE was comparatively high than the linear or quadratic models. Table 5 shows combined sunshine durationbased and other meteorological parameter-based models and their statistical evaluation. Among these models, model no. 18 gave the best fit. Model nos. 13, 14, and 17 were also pretty good with very low RMSE value. -1979 - -2013 - , 2002 - -2003 - 1954 - -2013 - 1957 - -2013 - 1954 - -2013 - Sandwip 41964 22.5 91.46 6 -1987 - -2013 - -1967 - -2013 - 1966 - -2013 - 1966 - -2013 -1977 - -2013 - -1977 - -2013 - 1977 - -2013 - 1977 - -2013 - Srimangal 41915 24.29 91.73 23 -1986 - -2013 - -1948 - -2013 - 1948 - -2013 - 1949 - -2013 -1962-2013 2000, 2002-2003 1956-2013 1956-2013 1956-2013 -1987 - -2013 - -1987 - -2013 - 1987 - -2013 - 1987 - -2013 - Teknaf 41998 20.87 92.26 4 -1977 - -2013 - -1977 - -2013 - 1977 - -2013 - 1977 - -2013 The cloud cover-based models are given in Table 6 . Linear, quadratic, third-, fourth-, and fifth-degree models along with logarithmic, exponential, and power models are evaluated. We can see that the higher-degree models perform better than linear or quadratic models. Table 8 shows the temperature-based models and their statistical evaluation. We can see that model nos. 31, 33, 36, and 39 perform best. Temperature-and extraterrestrial radiation-based models and temperature-with-precipitationbased models are given in Tables 9 and 10 . Very good fits are achieved with model nos. 41, 43, and 45. Figure 3 illustrates the RMSE values of all 45 models. We can see that the sunshine duration-based seasonal models have the lowest RMSE values. All the models having RMSE values lower than 0.2 will perform pretty well. The cloud cover models (model no. 22-29) did not perform well having a higher range of RMSE values from 0.25 to 0.45.
The estimation of solar radiation depends on the data available for a particular site. According to our results for different data sets, we propose the following equations for estimation of global solar radiation for Bangladesh: H/H 0 = 9.3987(S/S 0 ) 2 − 11.518(S/S 0 ) + 3.9476 For winter (October-January):
Cloud cover-based model: The fifth-degree model performed best, but considering the simplicity we can recommend third-degree model for solar radiation estimation:
Temperature-based model: For temperature-based model, Bristow and Campbell type model can be used:
If all the meteorological data are available for a site, then any model with a low RMSE value can be chosen for solar radiation estimation. Figure 3 illustrates the comparative RMSE values of all the models.
For an assumption of the performance of the models, we have estimated solar radiation for Bogra station and plotted the results in Fig. 4 . Measured solar radiation for Bogra is available only for a year though, the figure clearly shows that the sample models perform quite well. From Fig. 5 , we can see that the NASA SSE and DLR data have a higher RMSE values and did not perform well compared to the estimated model values. Therefore, it is recommended not to use NASA SSE data or DLR satellite data in renewable energy feasibility study directly. If any of the meteorological data set is available, then it is better to use models with low RMSE studied here in this work to get a better estimation of solar radiation. Table 7 Temperature-, extraterrestrial radiation-, and precipitation-based empirical models and their parameters
Equations Parameter Reference
Temperature-based models b, c Bristow and Campbell (1984) H
Proposed model Hargreaves and Samani (1982) H
Proposed model
Temperature-and extraterrestrial radiation-based models
Temperature-and precipitation-based models Proposed model
DeJong and Stewart (1993)
Proposed model Table 9 Temperature-and extraterrestrial radiation-based models and their coefficients and error estimation 
Conclusions
Bangladesh is a small developing country with very less investment in technology to measure solar radiation all over the country. Therefore, estimating solar radiation from commonly available meteorological data is of great significance. In this work, we have developed 45 models to predict solar radiation from commonly available meteorological data. The estimation of solar radiation depends on the data available for a particular site. According to our results for different data sets, we recommend the use of Eqs. (17)- (21) if only a single data set is available. If there are more data sets, then other models can be chosen. Models with RMSE values lower than 0.2 can be used to predict solar radiation in Bangladesh.
